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UPWASH PATTERNS ON ABLATING AND NONABLATING 

CONES AT HYPERSONIC SPEEDS 

By John B .  McDevitt and Jack A. Mellenthin 

Ames Research Center 

SUMMARY 

A s tudy has  been made of  t h e  upwash p a t t e r n s  on s l e n d e r  a b l a t i n g  and 
nonablat ing cones a t  angle  of  a t t a c k  i n  t h e  hypersonic  flow regime. 
f i l m  technique was used t o  d i sp l ay  t h e  su r face  s t r eaml ines  on t h e  nonabla t ing  
models and tests were conducted with both laminar and t r a n s i t i o n a l  boundary 
l aye r s .  
found t o  have a s t r o n g  inf luence  on t h e  magnitude of s u r f a c e  upwash angles .  
The measured s u r f a c e  upwash angles a t  small angles  of  a t tack agreed we l l  with 
t h e o r e t i c a l  e s t ima tes  i n  .the laminar case .  A t  t r a n s i t i o n a l  Reynolds numbers 
clear evidence was obta ined  t h a t  streamwise v o r t i c e s  a r e  en t r a ined  wi th in  the  
boundary l a y e r  f o r  cones a t  angle  of  a t t a c k .  The presence of  t h e  v o r t i c e s  
a l ters  t h e  l o c a l  hea t ing  r a t e s  (and s h e a r  r a t e s )  s o  t h a t  t h e  pa ths  of t h e  
v o r t i c e s  are c l e a r l y  d isp layed  by t h e  o i l - f i l m  technique.  The upward i n c l i -  
na t ion  of t h e  vo r t ex  pa ths  a t  angle  of a t t a c k  were found t o  be  considerably 
l e s s  than  the i n c l i n a t i o n  of  su r face  s t r eaml ines  i n  laminar flow b u t  consid- 
e rab ly  g r e a t e r  than  t h e  upwash i n c l i n a t i o n  a t  t h e  o u t e r  edge o f  t h e  boundary 
l aye r  (es t imated  by a t h e o r e t i c a l  method-of -charac te r i s t ics  program) . 

An o i l -  

The boundary-layer-edge Mach number and model wal l  temperature  were 

Tes ts  of  a b l a t i n g  cones a t  t r a n s i t i o n a l  Reynolds numbers r e s u l t e d  i n  
grooves eroded i n  t h e  models. These grooves were i n t e r p r e t e d  t o  b e  t h e  
r e s u l t  of l o c a l  i nc reases  i n  hea t ing  rates due t o  v o r t i c a l  d i s turbances  
wi th in  t h e  boundary l aye r .  The d i r e c t i o n s  of t h e  grooves were e s s e n t i a l l y  
t h e  same as those  of t he  vo r t ex  pa ths  observed on t h e  nonabla t ing  cones under 
similar t e s t  cond i t ions .  

INTRODUCTION 

The flow nea r  t h e  su r face  of a s l e n d e r  body i n  hypersonic  flow i s  
cha rac t e r i zed  by a boundary l a y e r  with extreme changes i n  temperature  w i t h i n  
t h e  l aye r .  Because of  t he  l a r g e  temperature recovery nea r  t h e  wal l ,  t h e  f l u i d  
dens i ty  i s  r e l a t i v e l y  low and t h e  boundary l a y e r  i s  e s p e c i a l l y  s u s c e p t i b l e  a t  
hypersonic  speeds t o  cross-flow effects when t h e  body i s  a t  angle  of a t t a c k .  
Since body viscous and p res su re  fo rces  are a f f e c t e d  by c ross  flow, p r imar i ly  
through a l t e r a t i o n s  i n  su r face  s t r eaml ine  d i r e c t i o n s  and boundary-layer 
displacement- thickness  d i s t r i b u t i o n ,  a knowledge of t h e  cross-f low phenomena 
is  fundamental t o  t h e  understanding of  hypersonic  aerodynamics. Unfortunately,  
however, t he  s tudy  of cross-flow phenomena has  been given r e l a t i v e l y  l i t t l e  
a t t e n t i o n  i n  t h e  p a s t .  The p resen t  r e p o r t  descr ibes  t h e  r e s u l t s  of  a s tudy  

I 



of  one aspec t  o f  cross-flow phenomena, namely, s u r f a c e  upwash p a t t e r n s  on 
cones, both a b l a t i n g  and nonabla t ing ,  i n  hypersonic  flow. 

The f irst  phase of  t h e  s tudy  involved t h e  use  o f  an o i l - f i l m  technique 

Tests were conducted i n  both t h e  laminar and t r a n s i -  
t o  d i sp l ay  t h e  s u r f a c e  s t r eaml ines  on a series of  nonabla t ing  cones a t  v a r i -  
ous angles of  a t t a c k .  
t i o n a l  flow regimes and t h e  very d i f f e r e n t  flow phenomena t h a t  e x i s t  f o r  t h e  
two regimes are d iscussed .  Measurements of s u r f a c e  upwash angles  a r e  compared 
with t h e o r e t i c a l  e s t ima tes ,  and t h e  effects of Mach number and wal l  tempera- 
t u r e  are d iscussed .  A few tests were a l s o  conducted us ing  porous cone models 
with uniform blowing through t h e  porous s u r f a c e s ,  t o  determine t h e  e f f e c t  o f  
mass add i t ion  on s u r f a c e  upwash angles .  The second p a r t  o f  t h e  s tudy  involved 
tests of  a b l a t i n g  cones a t  angle  o f  a t tack and t h e  var ious  i n t e r e s t i n g  s u r f a c e  
e ros ion  p a t t e r n s  observed are descr ibed  i n  t h i s  r e p o r t .  
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NOTAT I ON 

model base  a r e a  

r a t i o  of  s t a t i c  enthalpy a t  model wal l  t o  s t a g n a t i o n  
enthalpy 

model length  

Mach number 

t o t a l  p re s su re  

t o t a l  temperature  

wal l  temperature 

f ree-s t ream Reynolds number based on model length o r  
a x i a l  s t a t i o n  

s t ream ve loc i ty  

a x i a l  coord ina te  of cone model 

model angle  of  a t t a c k  

s p e c i f i c  h e a t  r a t i o  

upwash angle ,  measured with r e spec t  t o  t h e  l o c a l  cone 
meridian 

upwash angle  of mean vo r t ex  pa th  
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cone semivertex angle  O C  

cone azimuthal angle ,  measured wi th  r e s p e c t  t o  t h e  most windward 
m e  ri d i  an 

m 
PmumAb 

(-3 

mass a d d i t i o n  o r  a b l a t i o n  r a t e ,  normalized by t h e  product  of t h e  
free-stream dens i ty ,  v e l o c i t y ,  and model base  a r e a  

s u r f a c e  va lues  f o r  cones i n  i n v i s i d  flow 

f ree-s t ream values  ( )m 

TESTS AND PROCEDURE 

F a c i l i t i e s  

The tests were conducted i n  t h e  Ames 20-Inch Hypersonic Helium Tunnel 
and i n  t h e  3.5-FOOt Hypersonic (Air) Tunnel. Both f a c i l i t i e s  a r e  of  t h e  blow- 
down type ,  u t i l i z i n g  contoured nozzles  t o  provide  nominal Mach numbers of  8 ,  
15, and 20 f o r  t h e  helium tunnel  and nominal Mach numbers o f  5,  7 .5 ,  and 10 
f o r  t he  a i r  t unne l .  For t h e  helium tunnel  t h e  supply gas i s  unheated whi le  
f o r  t he  a i r  tunnel  t h e  supply gas can be  hea ted  t o  about 1100' K .  The t e s t  
models were s t i n g  mounted i n  t h e  helium f a c i l i t y  whereas a "quick- inser t"  
mechanism w a s  used i n  t h e  a i r  tunne l ,  which allowed exposure of  t h e  model t o  
t h e  h o t ,  hypersonic  s t ream only f o r  t h e  d e s i r e d  t i m e  i n t e r v a l .  

Mode 1s 

The t e s t  models used f o r  t h e  o i l - f i l m  s t u d i e s  were s o l i d  metal  cones 
with semivertex angles  of  S o ,  7.5', l o o ,  and 15' and porous cones wi th  
semivertex angles  of  10' and 15' ( a l l  t h e  models had base  diameters  of  
3 i n . ) .  Each of t h e  porous models (designed f o r  mass add i t ion  s t u d i e s )  had a 
s o l i d  po r t ion  nea r  t h e  apex, involv ing  t h e  f i r s t  15 pe rcen t  of  t h e  cone 
length ,  with t h e  remaining p o r t i o n  o f  t h e  conica l  su r f ace  f a b r i c a t e d  from 
pe r fo ra t ed  s h e e t  material having 2500 ho le s  (nominally 0.002 i n .  i n  diameter) 
p e r  square  inch .  For  t h e  p re sen t  tests helium gas was i n j e c t e d  through t h e  
porous su r faces  a t  a normalized r a t e  of The p res su res  
i n s i d e  t h e  porous cones were monitored dur ing  t h e  tests and i t  was concluded 
t h a t  t h e  porous s u r f a c e  o r i f i c e s  were ope ra t ing  i n  a "choked" cond i t ion  and 
thus t h e  l o c a l  s u r f a c e  mass-addition r a t e s  were cons t an t  and una f fec t ed  by 
changes i n  model angle  o f  a t t a c k .  

m/pmUmAb = 0.01. 

The a b l a t i o n  t e s t  models i l l u s t r a t e d  i n  figure 1 were cons t ruc ted  
as fo l lows:  The model s l e e v e  was p laced  i n  a c y l i n d r i c a l  mold. Powdered 
ch lo r ide  (NH+Cl) was then  added and s i n t e r e d  by compression from a h y d r a u l i c  
p i s t o n .  The nose s p i k e  w a s  then  i n s e r t e d  and t h e  f i n a l  conica l  shape was 
machined. 
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Procedures 

The technique f o r  d i sp l ay ing  s u r f a c e  flow d e t a i l s  on nonabla t ing  models 
cons i s t ed  of  brushing  a mixture  of  vacuum-pump o i l  and t i t an ium oxide (with 
a few drops of  o l e i c  a c i d  t o  improve t h e  cons is tency)  on t h e  t e s t  model and 
then  b l o t t i n g  t h e  s u r f a c e ,  l eav ing  a somewhat mot t led  appearance. The model 
w a s  then  exposed t o  t h e  t e s t  stream f o r  a s u i t a b l e  i n t e r v a l  and t h e  r e s u l t s  
were recorded by pos t run  photographs,  viewing t h e  model i n  45" increments of  
azimuthal angle .  

Tne a b l a t i o n  models were t e s t e d  a t  t h e  h i g h e s t  temperature and p res su re  
l e v e l s  p o s s i b l e  i n  t h e  a i r  tunnel  (M, = 7 . 4 ,  p t ,  = 102 atm, Tt ~ 1 1 0 0 "  K) 
and var ious  i n t e r e s t i n g  s u r f a c e  e ros ion  p a t t e r n s  were observed. These p a t -  
t e r n s  were a l s o  recorded by pos t run  photographs , and approximate, average 
a b l a t i o n  rates were obta ined  by record ing  t h e  model exposure time and 
weighing t h e  models b e f o r e  and a f t e r  t h e  runs .  

RESULTS AND DISCUSSION 

O i l - F i l m  S tud ie s  of  Sur face  Upwash P a t t e r n s  

The o i l - f i l m  technique f o r  d i sp l ay ing  t h e  s t r eaml ine  p a t t e r n s  on cones 
was found t o  be  i d e a l l y  s u i t e d  f o r  use i n  hea ted  flow f a c i l i t i e s ,  such as t h e  
3.5-foot  tunnel  used i n  t h e  p re sen t  i n v e s t i g a t i o n .  
model i n t o  t h e  t es t  s e c t i o n  by t h e  qu ick - inse r t  mechanism, t h e  ho t  s t ream 
e f f i c i e n t l y  removes most of  t h e  o i l  mixture b u t  leaves  a c l e a r  i n d i c a t i o n  of  
t h e  s u r f a c e  s t r eaml ine  p a t t e r n .  Applicat ion of  t h i s  technique t o  t e s t s  i n  t h e  
unheated helium f a c i l i t y  a l s o  used i n  t h e  p re sen t  s tudy  gave r e s u l t s  no t  
nea r ly  so  s a t i s f a c t o r y ,  although use fu l  r e s u l t s  were obta ined .  The d i f f i c u l t y  
encountered i n  unheated flow f a c i l i t i e s  stems from t h e  fact  t h a t  t h e  model 
wall  temperature decreases  s u b s t a n t i a l l y  below t h e  ambient value ( t h e  tempera- 
t u r e  recovery f a c t o r  i n  helium a t  high Mach numbers, f o r  example, i s  about 
0 . 8 7  f o r  laminar f low) ,  and t h e  th inning  o r  removal of  t h e  o i l  f i l m  depends 
p r imar i ly  on s h e a r  f o r c e s .  

A f t e r  i n s e r t i o n  of  t h e  

In  t h e  p r e s e n t a t i o n  t h a t  fo l lows ,  t h e  t es t  r e s u l t s  obtained i n  t h e  
helium tunnel ,  confined t o  measurements where t h e  flow was laminar,  are 
presented  f irst  , followed by t h e  a i r - t u n n e l  r e s u l t s  where measurements i n  
both laminar and t r a n s i t i o n a l  flow were made. 

Measurements i n  t h e  20-inch helium tunne l . -  Typical  photographs o f  
models t e s t e d  i n  t h e  helium f a c i l i t y  are presented  i n  f i g u r e  2 ;  t h e  upper 
photograph shows a model where t h e  e n t i r e  forward s u r f a c e  was covered i n i -  
t i a l l y  wi th  t h e  o i l  and t i t an ium oxide mixture,  whereas f o r  t h e  model shown 
i n  t h e  lower photograph, t h e  app l i ca t ion  of t h e  o i l  mixture  was confined t o  
seve ra l  narrow c i r cumfe ren t i a l  bands. I t  was found t h a t  covering t h e  e n t i r e  
su r face  i s  p re fe rab le ,  since,  under c e r t a i n  cond i t ions ,  streamwise v o r t i c e s  
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( t o  b e  d iscussed  i n  some d e t a i l  l a t e r  i n  t h i s  r epor t )  may form i n  t h e  
boundary l a y e r  and t h e  presence of t h e s e  v o r t i c e s  i s  more e a s i l y  de t ec t ed  by 
t h i s  technique.  

The su r face  upwash angles ,  E, measured from pos t run  photographs of  t h e  
t e s t  models a t  a x i a l  l oca t ion  x (approximately a t  midlength),  are presented  
i n  f i g u r e  3 ( t e s t  r e s u l t s  f o r  t h e  most s l e n d e r  cone model, oC = 5 ' , . a r e  no t  
included because of t h e  very poor q u a l i t y  of t h e  measurements). 
technique as used i n  the  helium f a c i l i t y  w a s  no t  capable of d i sp l ay ing  
accu ra t e ly  t h e  s u r f a c e  flow d e t a i l s  i n  t h e  t r a n s i t i o n a l  flow regime, t h e  mea- 
surements presented  h e r e  are confined t o  Reynolds numbers where laminar flow 
ex i s t ed .  (The l o c a l  boundary-layer-edge Reynolds numbers, which a r e  somewhat 
h ighe r  than t h e  f ree-s t ream value quoted i n  f i g u r e  3 ,  can be e a s i l y  obta ined  
from t h e  t h e o r e t i c a l  r a t i o s  of  sur face- to- f ree-s t ream Reynolds numbers d i s -  
played i n  Chart  I . )  A t  small angles  of a t t a c k  ( see  f i g .  3 ) ,  t h e  maximum 
upwash angle  occurs a t  t h e  s i d e  meridians ($I = go", 270') of t h e  cone and t h e  
v a r i a t i o n  wi th  azimuthal angle  can b e  n i c e l y  represented  by a s i n  4 v a r i -  
a t i o n .  As t h e  angle  o f  a t t a c k  is inc reased ,  t h e  v a r i a t i o n  soon becomes h igh ly  
unsymmetrical, wi th  t h e  maximum upwash angles  occurr ing  a t  azimuthal angles  
g r e a t e r  than  9 0 ° ,  and eventua l ly  s e p a r a t i o n  of  t h e  boundary l a y e r  (and pos- 
s i b l y  the  formation of  secondary shock waves wi th in  t h e  primary shock l a y e r  
of t h e  cone) occurs;  t h e  s e p a r a t i o n  phenomenon appears a t  a r e l a t i v e l y  small 
angle  of a t tack  f o r  t h e  most s l e n d e r  cone t e s t e d .  

S ince  t h e  

For purposes of  comparison, c a l c u l a t i o n s  were made of upwash angles  
f o r  cones i n  i n v i s c i d  flow (providing an estimate of t h e  flow i n c l i n a t i o n  a t  
t h e  o u t e r  edge of t h e  boundary l aye r )  by a "method-of-character is t ics"  pro- 
gram developed by Rakich ( r e f .  1) and a t  t h e  cone s u r f a c e  by t h e  laminar 
boundary-layer theory  of  Moore ( r e f s .  2 and 3 ) .  The i n v i s c i d  flow ca lcu la-  
t i o n s  a r e  shown i n  f i g u r e  4 f o r  idea l -gas  a i r  (y = 1.40) and helium (y = 1.67) 
and a r e  c o r r e c t  only t o  a f irst  o rde r  i n  angle  of  attack (note  t h a t  s l ende r -  
body theory sugges ts  a va lue  of  2 f o r  t h e  o r d i n a t e  parameter shown). 
theory of Moore, which assumes an i n s u l a t e d  wal l  and i s  a l s o  c o r r e c t  only t o  
a f irst  o r d e r  i n  angle  of a t tack ,  p r e d i c t s  t h e  upwash t o  b e  

The 

[l + 1.3 (1 + - 2 E 
= E  

a s i n  cb i n v i s c i d  

Calcu la t ions  f o r  bo th  a i r  and helium are presented  i n  f i g u r e  5 .  Whereas t h e  
r a t i o  of  i n v i s c i d  upwash angle  t o  cone angle  o f  a t t a c k  i s  small ( l e s s  than  
u n i t y  a t  high Mach numbers, f i g .  4) and decreases  wi th  inc reas ing  Mach num- 
b e r ,  t h e  s u r f a c e  upwash i n  t h e  viscous case i s  a s t r o n g  func t ion  o f  t h e  cone 
edge Mach number and can be an o rde r  o f  magnitude g r e a t e r  than  t h e  angle  of 
attack f o r  s l e n d e r  cones a t  high Mach numbers, as i n d i c a t e d  i n  f i g u r e  5 .  

The measured upwash angles  a t  t h e  s i d e  meridians of  t h e  t h r e e  cones 
t e s t e d  are compared wi th  t h e o r e t i c a l  estimates i n  figure 6 .  The experimental  
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values  agree remarkably well  wi th  Moore's theory  f o r  very small angles  of 
a t t a c k  b u t  t h e  experimental  values  show a non l inea r  v a r i a t i o n  wi th  angle  o f  
a t t a c k ,  and t h e  agreement between l i n e a r  theory  and experiment d e t e r i o r a t e s  
r a p i d l y  wi th  i n c r e a s i n g  angle  o f  a t t a c k .  

I n  a few t e s t  runs  us ing  porous cone models, ambient helium was i n j e c t e d  
through t h e  porous s u r f a c e s  a t  a normalized mass a d d i t i o n  r a t e  of  
m/pmUmAb = 0.01 ( t h e  o i l  f i l m  w a s  app l i ed  i n  narrow bands,  similar t o  t h e  
example shown i n  t h e  lower photograph of f i g .  2 ) .  The r e s u l t s  are sum- 
marized i n  figure 7. The effect  of  m a s s  a d d i t i o n  was small; t h e  d i f f e rences  
ind ica t ed  i n  f i g u r e  7 are probably wi th in  t h e  o v e r a l l  accuracy of  t h e  t e s t s .  

Measurements i n  t h e  3.5-foot  hypersonic  a i r  tunne l . -  A t y p i c a l  photo- 
graph i l l u s t r a t i n g  t h e  ;ill f i l m  tg-chnique f o r  d i sp l ay ing  t h e  laminar upwash 
a t  t h e  s u r f a c e  o f  a cone i n  the  hea ted  a i r  tunnel  i s  presented  i n  f i g u r e  8. 
The measured upwash angles  f o r  tests conducted a t  a tunne l  t o t a l  p re s su re  of  
34 atm are presented  i n  f i g u r e  9 .  For these  tests t h e  boundary l aye r s  were 
be l i eved  t o  b e  laminar  i n  a l l  cases ,  a t  least  f o r  small angles  of a t t a c k ,  and 
t h e  upwash angles  d i d  n o t  appear t o  be  s e n s i t i v e  t o  a x i a l  l o c a t i o n  ( i . e . ,  
were not  dependent on Reynolds number). 
i s  similar t o  t h a t  observed i n  t h e  hel ium-tunnel  t e s t s ;  t h a t  i s ,  f o r  small 
angles of a t t a c k  t h e  upwash v a r i e s  approximately as s i n  @ ,  b u t  as t h e  angle  
of a t t a c k  i s  inc reased ,  t h e  l o c a t i o n  of maximum upwash i n c l i n a t i o n  s h i f t s  
around t h e  cone t o  azimuthal angles  considerably g r e a t e r  than  go", and flow 
s e p a r a t i o n  even tua l ly  occurs  on t h e  leeward s i d e .  However, i n  t he  p re sen t  
case s e p a r a t i o n  i s  delayed t o  much h ighe r  angles  of  a t tack,  probably because 
of  t h e  much t h i n n e r  boundary l aye r s  p re sen t  and t h e  in f luence  of t h e  co ld  
w a l l  on stream dens i ty .  

The genera l  appearance of t h e  d a t a  

A comparison of  theory  and experiment i s  a l s o  of  i n t e r e s t  h e r e .  The 
i n v i s c i d  p r e d i c t i o n s  p re sen ted  f o r  a i r  i n  f i g u r e  4 a l s o  apply h e r e  ( t h e  wall 
condi t ion  does no t  en te r  i n t o  cons idera t ion  f o r  t h e  i n v i s c i d  case ) .  
Moorels p r e d i c t i o n s  f o r  upwash angles  ( see  f i g .  5) apply only f o r  t h e  insu-  
l a t e d  wall  case, t h e  r e s u l t s  may a l s o  b e  used i n  t h e  "cold w a l l "  case by 
employing a c o r r e c t i o n  f a c t o r  der ived  from Beckwith's s i m i l a r i t y  s o l u t i o n s  f o r  
small c ross  flows ( r e f .  4 ) .  The effect  of changes i n  flow enthalpy a t  t h e  
wall on upwash angles  f o r  cones may be  eva lua ted  by comparison of t h e  so lu-  
t i o n s  presented  i n  r e fe rence  4 f o r  t h e  zero p re s su re  g rad ien t  case (6 = 0 ) .  
The r e s u l t  i s  t h e  c o r r e c t i o n  f a c t o r  shown i n  f i g u r e  10, where 
r a t i o  of s t a t i c  enthalpy a t  t h e  w a l l  t o  s t a g n a t i o n  en tha lpy .  
measured and t h e o r e t i c a l  upwash angles  a t  t h e  s i d e  meridian of  t h e  cones i s  
presented  i n  f i g u r e  11. 
Moore's p r e d i c t i o n s  according t o  f i g u r e  10, t h e  r educ t ion  i n  t h e  p re sen t  case 
be ing  about 50 pe rcen t . )  
is e x c e l l e n t  f o r  small angles  of  attack (it should be r e c a l l e d  t h a t  Moore's 
ana lys i s  considered only f i r s t - o r d e r  a e f f e c t s ) .  

Although 

E, i s  t h e  
A comparison of  

(The t h e o r e t i c a l  values  were obta ined  by reducing 

The agreement between experiment and modified theory  

The experimental  measurements j u s t  descr ibed  were 'obtained by ope ra t ing  
t h e  tunnel  a t  a t o t a l  p r e s s u r e  of 34 atm. 
ducted a t  t h e  h i g h e s t  t o t a l  p re s su re  (102 atm) pe rmis s ib l e  f o r  t h i s  f a c i l i t y  
when t h e  "M = 7.5" nozzle  i s  used. 

A f e w  a d d i t i o n a l  t e s t s  were con- 

Typical  photographs obta ined  during t h e  
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high Reynolds number tests are presented  i n  f i g u r e s  1 2  and 13 f o r  cones hav- 
i n g  semivertex angles  o f  10" and 15", both t e s t e d  a t  an angle  o f  a t t a c k  of  5". 
Near t h e  apex of  t h e  models t h e  appearance of t h e  upwash p a t t e r n  i s  similar 
t o  t h a t  ob ta ined  p rev ious ly  and t h e  upwash angles  a l s o  agree  w e l l  wi th  pre-  
vious measurements. However, on t h e  a f t ,  leeward p o r t i o n s  of t h e  models 
evidence of  t h e  ex i s t ence  o f  streamwise v o r t i c e s  e n t r a i n e d  w i t h i n  t h e  bound- 
a ry  l a y e r  is  apparent  ( s ee  en larged  view of  leeward s u r f a c e  i n  f i g .  14 ) .  
S ince  t h e  v o r t i c e s  i n c r e a s e  l o c a l  h e a t i n g  rates and s h e a r  f o r c e s ,  t h e  r e s u l t  
i s  t h a t  t h e  vo r t ex  pa ths  are prominently d isp layed  by t h e  o i l - f i l m  technique.  
The presence of t h e  v o r t i c e s ,  of  course,  a l t e r s  t h e  v e l o c i t y  p r o f i l e s  i n  t h e  
boundary l a y e r  and t h e  s imple s p i r a l - l i k e  p a t t e r n  of  s u r f a c e  s t r eaml ines  i n  
t h e  laminar case i s  rep laced  by an i n t r i c a t e  p a t t e r n  r e f l e c t i n g  t h e  i n t e r -  
a c t i o n  between t h e  v o r t i c e s  and t h e  c ross  flow. 

The upward i n c l i n a t i o n s  of  t h e  vo r t ex  pa ths  a t  t h e  s i d e  meridians of t h e  
cones were measured from t h e  photographs; they are compared i n  f i g u r e  15 with 
s u r f a c e  upwash angles  measured nea r  t h e  apex of t h e  models where t h e  flow 
appeared t o  b e  laminar,  and wi th  t h e o r e t i c a l  upwash angles  es t imated  f o r  
i n v i s c i d  flow. The i n c l i n a t i o n  of t h e  vo r t ex  p a t h s ,  although much less than 
t h a t  f o r  t h e  s u r f a c e  s t r eaml ines  i n  laminar flow, i s  no t i ceab ly  g r e a t e r  than 
t h e  i n v i s c i d  p r e d i c t i o n s  ( i . e . ,  t h e  upwash a t  t h e  o u t e r  edge of  t h e  boundary 
l aye r )  , which s u b s t a n t i a t e s  t h e  argument t h a t  t h e  v o r t i c e s  are en t r a ined  ( a t  
least i n i t i a l l y )  w i th in  t h e  boundary l aye r .  

No v o r t i c e s  were i n d i c a t e d  by t h e  o i l - f i l m  technique on e i t h e r  t h e  
uc  = 10" o r  15" model a t  
t h e  leeward s u r f a c e  a t  CY, = 4", and a t  l a r g e r  angles  o f  a t t a c k  it was c l e a r  
t h a t  an o r d e r l y  a r r a y  of  more or less r e g u l a r l y  spaced v o r t i c e s  surrounded 
t h e  cone, except i n  t h e  immediate v i c i n i t y  of  t h e  windward s t a g n a t i o n  l i n e .  

ct = 0"; however, t h e r e  w a s  evidence of  v o r t i c e s  near  

Ab l a t i o n  Tests 

Photographs of  t h e  ammonium-chloride a b l a t i o n  models, t e s t e d  a t  zero 
angle  of a t t a c k ,  a r e  p re sen ted  i n  f i g u r e  16 and photographs of models t e s t e d  
a t  angles  of  a t t a c k  of  5" and l o o  a r e  presented  i n  f i g u r e s  1 7  through 2 0 .  
(The tests were conducted a t  a f ree-s t ream Mach number of  7 .4 ,  t o t a l  p res -  
s u r e  of 102 atm, and t o t a l  temperature  of 1100" K ,  and t h e  models were 
exposed t o  t h e  hypersonic  s t ream f o r  about 60 s e c . )  

A t  zero angle  o f  a t t a c k ,  l ong i tud ina l  grooves,  t h e  r e s u l t  of streamwise 
v o r t i c e s  i n t e n s i f y i n g  t h e  l o c a l  h e a t i n g  rates (and s h e a r  fo rces )  , were 
eroded i n  t h e  s u r f a c e  of  t h e  15" ha l f - ang le  cone, b u t  t h e s e  grooves were no t  
p re sen t  on t h e  more s l e n d e r  cone ( see  f i g .  16 ) .  I n  t h e  o i l - f i l m  s tudy  of  
similar b u t  nonabla t ing  cones a t  i d e n t i c a l  t e s t  cond i t ions ,  streamwise vor- 
t ices  d i d  no t  appear t o  b e  p r e s e n t  a t  F o r  t h e  a b l a t i n g  models t h e  
l o c a l  h e a t i n g  and a b l a t i o n  r a t e s  are most s eve re  j u s t  downstream of t h e  
metal  nose t i p ,  r e s u l t i n g  i n  a rearward f a c i n g  s t e p  and a concave c a v i t y  
which provide a source  f o r  l ong i tud ina l  curva ture  t o  t h e  s t r eaml ine  and 
probably enhance t h e  formation o f  v o r t i c e s  ( see  d i scuss ion  i n  r e f .  5 ) .  

ct = 0".  
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A t  angle  of a t t a c k  (see f i g s .  17 through Z O ) ,  upwash groove p a t t e r n s  
were eroded i n  a l l  of t h e  models, and i n  one case ( t h e  l a r g e r  angle  cone a t  
a = 10") a c ross -ha tch ing  p a t t e r n  appeared b u t  was confined t o  t h e  windward 
s i d e .  

S ince  t h e  a b l a t e d  grooves are be l i eved  t o  be  t h e  r e s u l t  o f  t h e  same 
b a s i c  phenomena as t h e  vo r t ex  pa ths  observed by t h e  o i l - f i l m  technique on 
nonabla t ing  models a t  t h e  same t e s t  condi t ions ,  it would be  i n t e r e s t i n g  t o  
compare t h e  cross-f low i n c l i n a t i o n  angles  involved.  Such a comparison is 
made i n  f i g u r e  2 1  which i n d i c a t e s  t h a t  t h e  upwash i n c l i n a t i o n s  are t h e  same 
wi th in  t h e  accuracy l i m i t s  of  t h e  tes ts .  

CONCLUDING REMARKS 

This a p p l i c a t i o n  of  t he  o i l - f i l m  technique f o r  d i sp l ay ing  s u r f a c e  
s t reaml ines  on t e s t  models has demonstrated t h a t  t h e  i n c l i n a t i o n  of s u r f a c e  
upwash on cones a t  angle  of a t t a c k  i n  laminar flow i s  s t r o n g l y  dependent on 
l o c a l  Mach number and wall  temperature .  
angles of a t t a c k  were found t o  agree we l l  wi th  t h e  laminar boundary-layer 
theory of  Moore f o r  t h e  a d i a b a t i c  w a l l  case .  Fo r  a "cold-wall" case  good 
agreement between theory and experiment was a l s o  obta ined  a t  small angles  of 
a t t a c k  when Moore's theory was ad jus t ed  t o  account f o r  t h e  nonadiaba t ic  wall 
condi t ion  by employing a co r rec t ion  f a c t o r  ob ta ined  from t h e o r e t i c a l  work by 
Beckwith. 

The measured upwash angles  a t  small 

The a p p l i c a t i o n  of t h e  o i l - f i l m  technique a t  t r a n s i t i o n a l  Reynolds 
numbers l e d  t o  c l e a r  evidence t h a t  streamwise v o r t i c e s  are en t r a ined  wi th in  
t h e  boundary l a y e r  f o r  cones a t  angle  of a t tack.  The pa ths  of  t h e  v o r t i c e s  
were prominently d isp layed  by t h e  o i l - f i l m  experimental  technique used, and 
it  was found t h a t  t h e  upward i n c l i n a t i o n  of  t h e  v o r t i c e s  was considerably less 
than t h e  i n c l i n a t i o n  of s u r f a c e  s t r eaml ines  i n  laminar flow b u t  considerably 
g r e a t e r  than the  upwash a t  t he  o u t e r  edge of  t h e  boundary l a y e r  (es t imated  by 
a method-of -charac te r i s t ics  program) . 

Tests  of a b l a t i n g  cones a t  t r a n s i t i o n a l  Reynolds numbers r e s u l t e d  i n  
upwash groove p a t t e r n s  eroded i n  the  model s u r f a c e s .  
i n t e r p r e t e d  t o  be  t h e  r e s u l t  o f  v o r t i c e s  i n t e n s i f y i n g  l o c a l  h e a t i n g  r a t e s .  
me upward i n c l i n a t i o n  of t h e  grooves agreed c l o s e l y  wi th  t h e  i n c l i n a t i o n  of  
the  vor tex  pa ths  measured on t h e  nonabla t ing  cones under s i m i l a r  t e s t  
condi t ions .  

These grooves were 

Ames Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 

Moffett  F i e ld ,  C a l i f .  94035, May 1, 1969 
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Figure 1.- Sketch of  a b l a t i o n  tes t  models. 

13 



Figure 2 . -  Typical photographs of 10" ha l f - ang le  cones with s u r f a c e  stream- 
l i n e s  made v i s i b l e  by the  o i l - f i l m  technique ,  helium flow. 
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Figure 3 . -  Measured upwash angles  on nonabla t ing  cones i n  helium; Mm = 14.6;  
o i l - f i l m  technique,  Tw/Tt M 1. 
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Figure 4.- Theoretical values of surface upwash for cones at small angles of 
attack in inviscid flow. 
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at tack with a laminar boundary l a y e r  and a d i a b a t i c  wall. 
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Figure 6.- Comparison of upwash measurements with theory; Mm = 14.6 (helium), 
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Figure 7.- Effect of mass addition (uniform blowing) on surface upwash angles; 
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Mm = 14.6 (helium), Re = lo6, Tw/Tt 1. 
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Figure 8 . -  Typical photograph of su r face  s t r eaml ines  on a 10" ha l f - ang le  cone 
with laminar flow i n  a i r .  
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Figure 10 . -  E f fec t  of  enthalpy r a t i o  ( r a t i o  of  s t a t i c  enthalpy a t  t h e  wal l  t o  
s t agna t ion  enthalpy)  on su r face  upwash angle .  
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Experiment { - Oil-film technique (Data from fig.9) 
--- Laminar boundary layer (Moore, Beckwith) 
-- Inviscid (Rakich) Theory [ 

( T C  = 5" uc =7.5" 
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Figure  11.- Comparison o f  upwash measurements w i th  theory ;  Mm = 7.4 ( a i r ) ,  
co ld  wall (T,/Tt 0 . 3 ) .  
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Figure 1 2 . -  O i l - f i l m  s tudy  of a l o o  ha l f -angle  cone a t  5' an l e  of  a t t a c k  wi th  
t r a n s i t i o n a l  boundary l aye r ;  Mm = 7 .4  ( a i r ) ,  R e  = 3x10E, Tt = 1050° K .  
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Figure 13.- O i l - f i l m  study o f  a 15O ha l f - ang le  cone a t  5' an l e  of attack wi th  
t r a n s i t i o n a l  boundary l aye r ;  Ma = 7 . 4  ( a i r ) ,  Re = 3x10g, Tt = 1050" K .  
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Figure 14 . -  Enlarged view of a p o r t i o n  of t h e  leeward su r face  ($I w 135", 
x/2 w 0.7)  of t h e  o i l - f i l m  tes t  model shown i n  figure 1 2 .  
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Figure 15.-  I n c l i n a t i o n  of vortex paths a t  cone s i d e  meridians;  Mw = 7-.4 ( a i r ) ,  
Re - = 3 ~ 1 0 ~ .  
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Figure 16 . -  Photographs of 10" and 15O ha l f - ang le  ammonium ch lo r ide  cones 
t e s t e d  a t  zero angle  of  a t t ack ;  Moo = 7 . 4 ,  Re = 3 ~ 1 0 ~ .  
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Figure 17 . -  Photographs o f  a 10" ha l f -angle  cone t e s t e d  a t  an angle  of  a t t a c k  
of 5'; Moo = 7.4, Re = 3x106, h/pmLJmAbW 0.0007. 
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Figure 18 . -  Photographs o f  a l o o  ha l f - ang le  cone t e s t e d  a t  an angle  o f  a t t a c k  
o f  l o o ;  Mm = 7.4, Re = 3x106, m/pmUmAb@ 0.0007. 
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Figure 19.-  Photographs of a 15' ha l f - ang le  cone t e s t e d  a t  an angle of  a t t a c k  
of So; M, = 7 . 4 ,  R e  = 3x106, I ~ I / ~ ~ U , A ~ "  0.0006. 
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Figure 20 . -  Photographs of a 15" ha l f - ang le  cone t e s t e d  a t  an angle  of attack 
of 10"; M, = 7 . 4 ,  Re = 3x106, h/p,U,Ab x 0.001. 
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Surface streamline Vortex path 
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Figure 21 . -  I n c l i n a t i o n  of  upwash grooves a t  cone s i d e  meridians and comparison 
with r e s u l t s  from o i l - f i l m  s t u d i e s ;  M, = 7.4 ( a i r ) ,  Re = 3 ~ 1 0 ~ .  
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